Measurements of the phases of free jet waves relative to an acoustic excitation, and of the pattern and time phase of the sound pressure produced by the same jet impinging on an edge, provide a consistent model for Stage I frequencies of edge tones and of an organ pipe with identical geometry. Both systems are explained entirely in terms of volume displacement of air by the jet. During edge-tone oscillation, 180 ø of phase delay occur on the jet. Peak positive acoustic pressure on a given side of the edge occurs at the instant the jet profile crosses the edge and starts into that side. For the pipe, additional phase shifts occur that depend on the driving points for the jet current, the Q of the pipe, and the frequency of oscillation. Introduction of this additional phase shift yields an accurate prediction of the frequencies of a blown pipe and the blowing pressure at which mode jumps will occur. Subject Classification: [43175.60.
INTRODUCTION
The phenomenon of edge tones and the maintenance of oscillation in organ pipes and flutes have long been considered to be connected. Many texts put forth an explanation of the second in terms of the first, a rather circular procedure in view of the fact that there are many gaps in the theoretical basis for both. The subject matter of this paper can be illustrated by the results plotted in Fig. 1 . Here are plotted the observed oscillation frequencies versus blowing velocity for two jet-edge situations, a normal organ pipe, and a simple edge-tone generator with identical jet-edge geometry. For the pipe one observes oscillation near the frequencies of the normal modes of the pipe, 'the frequency for each mode rising slightly as blowing velocity is increased.
The oscillations jump (with hysteresis) to the successively higher modes as the blowing velocity is increased. There is a point on each plateau at which the frequency equals the passive resonance frequency of the pipe mode. At this point the jet may be said to be driving the pipe at its natural frequency. The oscillation has already become quite strong, though it may increase slightly at higher blowing pressure. Coltman i has shown that the flute is normally played near this condition. Note now that the edge-tone frequency obtained for the same geometry and blowing condition is far removed. An operating line drawn through the normal organ-pipe resonance points lies, in frequency, well below the edge-tone characteristic. Thus the picture of an orgarl pipe as a resonator coupled to an edge-tone generator, and "amplifying" its response is certainly oversimplified. It is the intent of this paper to describe, mostly from direct observation but partly theoretically, some of the various mechanisms involved in these two tone generators, and to present a consistent picture of their behavior. In doing so we must tackle several of the many uncertainties in our current picture of the mechanism, and give evidence for resolving these uncertainties. The evidence is provided, as far as possible, by direct experimental measurement, with as little recourse to mechanistic hypothesis as possible.
I. OSCILLATION MECHANISMS
The mechanisms of maintenance of oscillation in edge tones and in organ pipes have been the subject of experimental and theoretical treatment by a number of duces the acoustic disturbances is arguable--Powell 2 offers two possibilities for edge-tone generators--the annihilation by the wedge of transverse jet momentum, or the creation of a dipole current source by the jet. In the case of organ pipes, Cremer and Ising s ascribe it to the jet current inserted behind the impedance represented by the mouth end correction, while Coltman 4 took the view that the driving force was due to momentum transfer from the jet to the acoustic flow. Depending on which of these views is taken, one is also faced with uncertainties as to where the interaction takes place, and its duration. In trying to pin down some of these questions, one is forced to choose a rather limited variation of parameters so as not to further complicate an already quite complex situation. In this work then, we have fixed the dimensions (width and thickness) of the jet, made the jet passage long to assure laminar flow with a parabolic velocity distribution, and confined the treatment to the case of first stage oscillations, i.e., those in which the jet wave executes less than one complete osciflation between lip and wedge. We also maintained symmetry in the geometry where possible, and avoided situations where harmonics were strongly generated. The picture is therefore far from exhaustive--we can only hope that it clarifies some of the basic processes in the simpler cases.
II. PHASE DELAYS ON THE JET
An important portion of the entire delay of 2• occurs as a result of propagation times of jet waves. Determination of these is not as simple as it might seem. measurements show that the jet is, by and large, well behaved, and that earlier streak photographic work gives a reasonable basis for physical behavior. For the kinds of displacements shown, the jet profiles remain coherent, and the jet behavior in the region between the slit and the edge can generally be looked at as a transverse displacement of a group of largely forward-moving particles. The vortex patterns seen in streak photographs seem to play a negligible part in the oscillation mechanism. For our own purposes, we chose to observe the pressure generated by the jet as it swept over the tip of aPttot tube microphone, giving a pressure waveform whose phase and shape could be used to describe the position of the forward momentum convection profile as a function of time. The transverse location of the maximum of this profile we call the jet position, and its variation in phase of y displacement with position along the x axis is the property whose propagation we deal with.
The experimental arrangement for measuring jet wave propagation is detailed in Fig. 3 Positioned on either side of the slit were two highcompliance loudspeaker units, of 10-cm nominal diameter. These were ioined facing each other by a plexiglass cylinder which had openings to admit the slit blocks and the probe microphone. The two speakers were driven by a two-channel stereo amplifier, into which was fed a sinusoidal audio signal of the desired frequency. Phasing was such that the two diaphragms moved simultaneously in the same direction, carrying a mass of air between them. A phase shifter in one channel, together with volume control adjustments, permitted attainment of an excellent acoustic pressure null on the central plane, so that no acoustic signal was picked up by the probe microphone when it was on axis. A signal from the driving oscillator, variable in phase and amplitude, could also be injected into the microphone circuit to cancel any acoustic signal, if desired, when the microphone was off axis. Any departure from this condition, that is, failure of the jet to make a southbound crossing of the edge at zero time, we ascribe to a delay occasioned by finite travel time of a wave on the jet.' This delay we report as an angular phase shift at the frequency used, and we expect such phase shifts to extrapolate to zero for zero frequency.
Measurements of the instants of crossing were made for a variety of slit to edge spacings, acoustic driving frequencies, and jet velocities. No appreciable dependence on amplitude of the acoustic excitation was found, so this was set at a value that gave a jet swing, at 1-cm distance, of several jet widths. The data can be displayed in several ways. For purposes of frequency prediction, it is convenient to plot, for a fixed distance of the detector from the slit, the phase shift as a function of frequency. impose, though their slopes on the straight portions are nearly the saxne, and correspond to a propagation velocity, once 3-5 mm away from the slit, of 500 ca/sec. This is just half the centerline velocity of the jet itself, which is represented by the dashed line. Note also that the propagation velocity at the beginning seems to be faster than that of the jet particles themselves. If we think of the acoustic motion as carrying the jet bodily from side to side, then when the jet wave itself is small in amplitude the apparent crossing time is independent of distaxtce, i.e., it appears to propagate with infinite velocity. This may account for the initial displacements of these curves. The nonuniform propagation velocity and the dependence on frequency contribute to the difficulties encountered by many authors in attempting to arrive at simple theories to fit edge tone frequencies, especially since we anticipate that jets with different velocity profiles will exhibit different wave velocity characteristics. It must be pointed out that what is being measured here--the position in time and space of the forward velocity profile--is a somewhat artificial qumutity. The bodily motion of the acoustic field carries the whole jet pattern with it, except near the slit where the requirement for infinite transverse acceleration of the newly emerging jet particles makes such •Lrt occurrence impossible. This can give rise to apparent phase shifts which may depend on the choice of the quantity being measured. Thus no attempt is made here to theoretically explain the measured shifts, but we merely exhibit the various delays which take place in the feed-back loop.
III. ACOUSTIC DISTURBANCES GENERATED BY THE
JET
As mentioned in the introduction, there is no general agreement as to how the energy carried by the jet is convetted into acoustic oscillat ions. To investigate this in more detail, the slit system described in Sec. II was fitted with an enclosure that could be converted from a jetedge system to an organ-pipe system without changing the slit-edge geometry. At the same time, 12. 7-ca top and bottom plates of the enclosure served to make the acoustic field near the jet two dimensional rather than three dimensional, i.e., the acoustic and jet motions were independent of th• z dimension. The arrangement is sketched in Fig. 6 . The plates were made from • in. -thick plexiglass. The top plate was pierced with 1.4-ram diameter holes in a square array -0.5 cm on centers in the neighborhood of the slit and wedge, and 1 cm on centers farther away. These holes, a few of which are indicated in Fig. 6 , were used to sample the acoustic pressure at the corresponding points by using a small probe microphone fitted with a soft rubber face to make a seal around the hole. Holes not being sampied were closed with small squares of plastic electrical tape. The wedge, of 10 ø total angie and 2.5 cm long, was cemented between the two plates, and had bored in it a canal leading through the upper plate. Scotch tape was placed on each side of the wedge after the canal was bored, so that a very narrow aperture was formed at the leading edge, whose width was about • ram. The 
IV. EDGE-TONE ACOUSTIC FIELD
A microphone placed at the edge of the enclosure was used to synchronize the oscilloscope on which both the pressure waveforms and jet impulses were observed, so that their phases could be related. When oscillating as an edge-tone generator with a jet centerline velocity of 900 cm/sec and a slit-edge distance of 7 mm, a frequency of 419 Hz was produced. The acoustic pressure observed at the sample holes was more nearly triangular in waveform than sinusoidal, and had very nearly the same time phase all over the region probed. Since this extent (about 2 cm around the wedge) was small compared to a wavelength, this is not surprising. From readings of the acoustic pressure at each sampling hole, one can construct the contours of constant pressure given in Fig. 7 . The limited array of sampling points makes the contour positions near the wedge uncertain. However, the dipole nature of the field, inferred by 1%well z from farfield measurements, is very clear. the region being considered are small compared to the wavelength, and we may treat the air as imcorepressible.
Any excess jet air introduced into the northern half will displace the surrounding air, which may go south through the gap or northeast to escape from the region. Likewise, when the jet is blowing into the southern region, air will. move north through the gap. At the instant the jet centerline crosses the edge, air is being introduced equally into the two regions. At this instant, the readjustment (acoustic) flow must be zero. Since the air movement is controlled by its inertia, the pressure is 90 ø out of phase, that is the pressure is at a maximum at this instant, and of such a polarity as to begin to force air out of the region into which the jet is just entering. This is in accordance with the observations. The role of the wedge is seen then, not as an obstruction on which the jet plays, but merely a partitioning agent which determines the region into which air from the jet flows. The crucial part played by the position of its leading edge becomes obvious.
This picture is further reinforced by quantitative measurements.
The probe microphone could be calibrated directly by observing the impulse generated by sweeping it through the stationary jet. That stagnation pressure could in turn be related to the pressure observed in the acoustic field with the same microphone. A sketch of the flow lines orthogonal to the contours of Powell's alternative explanation, that the force on the wedge is due to the annihilation of transverse momentum, is not upheld by the observations reported here.
His view that the dipole acoustic pressure is the reaction force of an aerodynamic (circulation) lift force on the wedge is still valid--we see that at the instant the jet crosses the centerline, net current flow from one half to the other is zero, but one side of the wedge has a marked excess of moving jet air flowing along it from the previous half cycle. The excess is maximum at this instant, corresponding to the maximum pressure we inferred from the current flow picture. The role of the edge position is much more clearly displayed, however, by the simple current redistribution picture.
V. EDGE-TONE FREQUENCIES
Armed with the phase relation between jet-crossing time and acoustic pressure and with the empirical information in Fig. 4 about the phase delay between acoustic excitation and crossing of the jet at the centerline, we are in a position to predict the edge-tone frequencies which such a jet will produce. Our time zero is that of peak positive pressure in the northern half. Our rule in Sec. IV says this is also the instant at which the jet makes its northbound crossing of the edge. This is 180 ø out of phase with the southerly deflection that the north half pressure is just beginning to induce in the jet as it exists from the slit. To get the total loop delay of 360 ø required for Stage I oscillation, we need another 180 ø of delay due to jet wave propagation time. Thus the condition for oscillation is given by the intersections of the curves of Fig. 4 with a 
VI. EXCITATION OF ORGAN PIPES
The same slit system and wedge, with its upper and lower plates, could be converted into an organ-pipe mouth by the insertion of the square pipe shown at one side in Fig. 6 . The acoustic flow when blown at resonance is now quite different, not only because the geometry has been changed to an asymmetric one, but also because at resonance the acoustic flow at the mouth is dominated by the organ pipe oscillation, and contributions due directly to jet flow are relatively small.
A set of acoustic pressure contours, derived from sampling the array of probe holes in the neighborhood of the mouth, is displayed in Fig. 8 . We wish now to inquire into relationships between the jet crossings and the acoustic flow, and deduce from these something about the nature of the driving mechanism of the jet.
The passive resonance frequency of the first mode of the pipe was determined, and the blowing pressure set to make the pipe oscillate at this frequency. Under these conditions, the pressure wave form at the pipe center (maximum) was found to be nearly triangular, while at the ends the pressure wave form was nearly square. In between, the wave forms were trapezoidal. From these waveforms, the shape of the standing wave in the pipe could be derived. It takes very closely the form of the wave on a string plucked in the middle. At the instant of pressure maximum the pressure distribution is triangular--maximum at the center and near zero at the ends. A little later a fiat spot develops at the center, with no change outside this spot. The flat spot extends while its level sinks, reaching the ends just as it goes to zero, leaving the pressure at this moment zero throughout the pipe. The process then continues in a reverse fashion as the pressure goes negative, until a fully developed negative triangle appears. The particle velocity, or current, has a similar history, but displaced one quarter wave in space and time, so its distribution when the pressure is everywhere zero is a straight line (positive at the end, zero in the middle, negative at the other). Then fiats develop on the ends, decreasing in magnitude and extending in length until they meet at zero value, in the center. The time wave form of the current is therefore triangular at the ends, approaching square at the middle, while the time waveform of the pressure is square near the end and triangular at the middle. This interesting behavior appears quite clearly when the pipe is blown near its passive resonance frequency.
The canal that was pierced in the wedge could be used to determine the time of crossing of the jet. We find experimentally, with a high-Q pipe sounding close to resonance, that the jet crosses the wedge going into the pipe (southbound in our previous notation) at about the time the acoustic current is maximum going in. The jet remains inside the tube all during the half cycle in which the current diminishes to zero and reverses its direction to become maximum flowing out. During this same half cycle, the pressure in the center of the pipe has risen from zero to maximum positive, and declined again to zero.
The phase we find here is shifted approximately 90 ø from the situation we found in the edge tone. This represents an additional delay between appearance of the jet in the northern half and the beginning of a southbound, or inward acoustic current at the mouth. To get 360 ø total delay c•lls for less propagation delay on the jet itself and therefore a higher blowing velocity to achieve the same frequency as for the edge tone (see Fig. 1 ). The observation also contradicts the momentum transfer drive mechanism I proposed earlier, 4 since during the first quarter cycle the acoustic current is moving with the jet and the second quarter cycle against it. If we assume instantaneous momentum transfer, the two quarter cycles should cancel out in drive. If we assume a stopping time spread over a quarter cycle, the counter flow period dominates, i.e., most of the time the jet is blowing against the acoustic flow, which would tend to lessen the amplitude.
We look, therefore, to the more widely accepted current drive postulated by Cremer and Ising, s and which we found in Sec. IV to account entirely for the edge-tone drive.
Referring to the edge-tone acoustic flow pattern (Fig.  7) , we can infer from the acoustic contours the existence of an effective alternating current source located a few millimeters behind the tip of the wedge. The acoustic pressures generated are quite small, and Bernoulli el- In spite of these questions, the observations relating the phases of the various parts of the feedback loop, and the very close predictions of edge-tone and pipe frequencies provide very strong evidence of the correctness of the jet drive mechanisms described here.
